phined. 15 A secondary cranioplasty (CP) is then indicated to limit the symptoms of the syndrome of the trephined, restore harmonious skull contours, and protect the brain. However, reconstruction of the vertex may become difficult particularly if traumatic injuries are associated with extensive bone and soft tissue defects. Complications after CP are reported in 10%-40% of patients 5, 9, 17, 29 and are most often caused by infection (up to 31.8%). 30 The high rate of local infection after CP may be explained by the instability of soft tissue coverage. The most common risk factors are under-tension closure, scar retraction, and soft tissue laceration modifying skin vascularization. All of these factors increase the risk of implant exposure.
abbreviatioNs CP = cranioplasty; DC = decompressive craniectomy; FRC = glass fiber-reinforced composite; HA = hydroxyapatite; PEEK = polyetheretherketone; PMMA = polymethylmethacrylate. sUbMitteD January 25, 2016 Reconstruction of a large calvarial traumatic defect using a custom-made porous hydroxyapatite implant covered by a free latissimus dorsi muscle flap in an 11-year-old patient
We present herein a 1-stage reconstructive technique using a porous hydroxyapatite (HA) implant and a free latissimus dorsi muscle flap in an 11-year-old patient after craniectomy secondary to a severe traumatic cranial vault injury.
Case report

Description of the Initial Lesions
An 11-year-old male patient was referred to our center for the management of a severe left frontoparietal traumatic skull injury caused by a boat propeller. After acute management in a foreign country, the patient was unconscious on admission to our facility with a Glasgow Coma Scale score of 11 and an anisocoria associated with right hemiplegia. Initial CT scanning showed comminuted skull bone fractures with multiple bone impactions in the frontoparietal area associated with several hemorrhagic contusions of the underlying cortex. Although a DC was performed emergently to relieve intracranial hypertension and to remove impacted bone fragments, paresis of the right upper arm persisted and finally resolved after 3 months. Two weeks postoperatively, nodular frontoparietal cortical collections were detected on cerebral CT and MRI. Although these collections contained an aseptic hematic liquid, prolonged prophylactic antibiotic therapy was introduced. Complete healing of the frontal and scalp wounds was delayed due to skin infection.
Reconstruction of the Defects
Reconstruction of the scalp and forehead defects was performed in our center 10 months postinjury with a multidisciplinary approach including pediatric neurosurgery, plastic, and maxillofacial teams. At the time of surgery, no skin infection was noted and stable coverage by fibrous tissues had been achieved. A bone defect was located in the left frontoparietal region. Its surface area, evaluated on 3D CT, was 85 cm 2 (Fig. 1A) . The overlying scalp and forehead skin was sclerotic and atrophic, typical of postlaceration wound healing (Fig. 1B-D) . Because of the bone defect complexity and size, an HA implant was custom-made ( Fig. 2A ) using 3D stereolithography to create a resin model to reproduce the shape of the bone defect. The resin model was then used to produce the HA implant (CustomBone, Fin-Ceramica Faenza S.p.A., CodmanEthicon SAS). The implant porosity was between 60% and 70% and contained both macro-and micropores of 200-500 mm and 1-10 mm, respectively.
As all local flap solutions were impossible, implant coverage was ensured by a free latissimus dorsi muscle flap revascularized through an end-to-end microanastomosis on the right superficial temporal pedicle ( Fig. 2B-D) . The uncovered muscle portion of the latissimus dorsi was left for secondary healing to obtain skin retraction and minimize alopecia (Fig. 3A-C) . A thin skin graft, harvested on the contralateral scalp, was performed 15 days postop- eratively to cover the forehead portion of the skin defect (Fig. 3D ). Complete and stable healing with no implant exposure as well as an esthetically pleasing cranial vault shape was achieved ( Fig. 4A and B) . Two years postoperatively, CT scanning showed ossification on the edge of the implant and one focal ossification under the implant. The maximal under-prosthetic bone thickness was 3.06 mm ( Fig. 4C and D) . Compressive hydrocolloid dressings were applied over the forehead skin graft to avoid hypertrophic scar. At the 2-year follow-up, the cosmetic result was judged to be satisfactory ( Fig. 5A and B) .
Discussion
Reconstruction of skull defects requires collaboration between neurosurgeons and plastic surgeons to choose the most appropriate procedure, especially in growing children. We describe herein a 1-stage reconstructive procedure for a bone and soft tissue defect of the cranial vault secondary to a boat propeller injury in an 11-year-old child.
Reconstruction of skin and bone defects of the skull and forehead is often challenging and requires an accurate preoperative evaluation. To determine the most appropriate surgical procedure, the patient's status and type of defect, including its location, size, and depth, 1,16,28 must be taken into account. Small and superficial scalp defects can be managed using direct closure or local flaps, but more extensive injuries associated with large calvarial and soft tissue defects may require more complex techniques especially if trophicity of local tissues is compromised. Free tissue transfer is the best choice to replace large scalp defects. 8, 16 Flaps including a skin paddle such as the anterolateral thigh, latissimus dorsi muscle, rectus abdominis muscle, and radial forearm are the most popular free flaps used for scalp and forehead reconstruction. 16 Their major advantage is the provision of a large surface area for coverage and a long pedicle, 4 allowing tension-free microanastomosis on the superficial temporal pedicle. These vessels represent the best and perhaps the only option for direct anastomosis and avoid the more challenging and less reliable interposition graft or vascular loop techniques.
14 However, free flaps can present several disadvantages as well. Their skin component fixes the scalp defect and creates a stable zone of alopecia. Musculocutaneous flaps, depending on the morphological development of the child, may be too bulky. In such situations, we favor a pure muscle flap, especially the latissimus dorsi muscle flap, as it provides a large and regular tissue covering that returns the cranial vault to a more harmonious shape with time and allows scar retraction while minimizing the alopecic area.
Scalp reconstruction has 2 main objectives: protect the brain and restore harmonious skull contours with hairbearing tissues.
6 Tissue expansion meeting these 2 criteria represents a first choice option as reported by Akamatsu et al. in an 8-year-old child 2 and by Carloni et al. in 3,20,21 Its use is limited by the amount and quality of the remaining hair-bearing tissues. An expander placed under fibrotic tissues can lead to ischemic ulceration, 7, 10 increasing the risk of implant exposure. Thus, it is necessary to place it entirely under a well-vascularized and stretchable skin. 7, 10 The traumatic scalp laceration and infectious history in our case prevented us from using this solution. A free tissue transfer was the only reliable option in our 11-year-old patient, and we favored a free latissimus dorsi muscle flap for 2 main reasons. First, the boy was overweight and we were concerned about the unpleasant appearance that would be created by a bulky flap. Second, we were expecting a large skin defect and wanted to count on the retraction of secondary healing to reduce the alopecic area. After 15 days of granulation, only a small thin skin graft was necessary to cover the remaining non-hairbearing area of the forehead.
The timing of and the choice of material to use in the CP are essential parameters for the success of the reconstruction. In our case, the CP was performed with a custom-made porous HA implant 10 months after the injury when complete resolution of skin infections and a stable skin covering were obtained. Thus, we experienced no postoperative complications. The optimal timing of reconstructive surgery, in cases requiring secondary CP, is hard to define and is the subject of controversy according to data available in the literature. Schuss et al. reported on a series of more than 200 CPs. 24 The timing of CP after craniectomy had no significant influence on outcome in their study. A recent meta-analysis showed that early CP does not influence the rate of CP infection.
22,31 Like Larrañaga et al., 16 we recommend performing the CP simultaneously with the soft tissue repair, provided that there is no underlying infection. Otherwise, the CP should be delayed for a secondary procedure.
1, 16 The ideal material for CP is also a controversial issue. Besides an autologous bone graft, various types of synthetic material are used, including polymethylmethacrylate (PMMA), HA, titanium, polyethylene, polyetheretherketone (PEEK), and glass fiber-reinforced composite (FRC). 18, 23 However, few studies have provided objective data on the most appropriate material to use in CP. Recent studies have reported higher rates of complications with autologous bone versus alloplastic material, 13, 23 in particular with HA and FRC implants. 23 Hydroxyapatite implants have garnered particular attention. 11, 13, 18, 19, 23, 26, 27 Their reported adverse effects rate from large series (more than 1500 patients 26, 27 ) is among the lowest (< 6%), and their osteo-compatibility and porous structure have been proposed as an explanation. 23 But they also have disadvantages. A higher epidural hematoma rate, as compared with that using titanium, has been reported by Lindner et al., 19 although their infection rate was not statistically different. They are also more fragile, and several postoperative breakages have been described. 26 In our case, several reasons made us choose a custom-made porous HA implant over other available materials. First, we found its osteo-induction potential appealing given the large size of the bone defect (85 cm 2 ), especially in a growing child. After only 2 years postsurgery, it is hard to draw conclusions. The maximal under-prosthetic bone thickness was 3.06 mm in a relatively small area, corresponding to a score of 1 in the Hardy classification.
11 But, like Hardy et al., we were unable to determine the osteo-integration of the implant on conventional CT as bone density is lower than that of the implant. 11 Note that the advent of CAD-CAM has simplified the modeling of these implants, thus decreasing operative time and implant breakage 25 and/or misshapen rate.
A harmonious cranial vault shape was restored without any postoperative complications. Nevertheless, revisions will be necessary to improve the fibrotic appearance of the forehead scar and reduce the alopecic area.
Conclusions
Our results suggest that concomitant reconstruction of a large calvarial defect by CP with a custom-made HA implant covered by a free latissimus dorsi muscle flap is a safe and efficient procedure in children, provided that there is no underlying infection of the operative site. 
